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Mode I fracture characteristics of high-temperature granite
under cyclic liquid nitrogen cooling
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Abstract: Liquid nitrogen cyclic fracturing is an environmentally friendly and efficient waterless fracturing technology that induces
significant thermal stress in hot dry rock (HDR) through repeated liquid nitrogen cooling cycles, effectively enhancing fracturing and
permeability in HDR reservoirs. To investigate how cyclic liquid nitrogen cooling affects the fracture characteristics and damage
behavior of HDR, granite samples underwent high-temperature heating and liquid nitrogen cooling treatments with varying cycle
numbers. The physical and mechanical properties, such as fracture toughness and behavior, were evaluated using three-point bending
tests. Surface morphology and roughness of fracture surfaces generated during bending tests were quantitatively analyzed using
three-dimensional laser scanning technology and fractal theory. Additionally, a numerical method was employed to reconstruct the
heterogeneous granite matrix using a stochastic four-parameter generation approach. A thermo-mechanically coupled hybrid
phase-field model was developed to simulate microcrack evolution and macroscopic fracture processes of high-temperature granite
under different liquid nitrogen cycles, providing insight into the impact of cyclic cooling on macroscopic fracture behavior.

Experimental and numerical results show that repeated high-temperature heating and liquid nitrogen cooling exacerbate granite
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damage, significantly reducing mechanical parameters such as fracture toughness. The fractal dimension of fracture surfaces and

surface morphology parameters showed a significant positive correlation with cycle numbers. At higher cycle numbers, fracture

surfaces displayed complex and tortuous crack propagation paths. The thermo-mechanical hybrid phase-field model accurately

replicated the thermo-mechanical cracking behavior of granite under high-temperature heating and liquid nitrogen cooling. Thermal

damage in granite was primarily concentrated in regions with the highest tensile strain energy. Microcracking observed in

high-temperature granite during cyclic treatment was mainly driven by temperature gradients and differential thermal expansion

between adjacent mineral particles. Ultimately, microcracks induced by liquid nitrogen cooling resulted in more intricate and

convoluted mode I fracture propagation paths in granite.

Keywords: liquid nitrogen; granite; fracture toughness; roughness of fracture surface; phase-field method

1 51 &

TRE AT R MR THEAE. S
AR RENE,  FLR X T2 REdfa L. Titbrg
PRGEH AL HEAEASIAET AT Fp8  F FA H B (s
BT FRE M ZE BRSO (RBERHE, W5 R
FEEESANRG H i g sm R I R S8, T i A
BETFRACR . K7 IS5 H AT Tk E i ik =
BT 1%, T R AR i A R P
SR, TR T ZRBARTS K (v EEMRA 75 5 3 Pl
JEIKBUEN  PREES ete [] T, [Rl ik, ek 2
BORBAR I IZW 3 BB MR R . AR T 5
XH# 2 BV el VR P D A — g 2R v 28 JE K
JEREIR, AETAE GRS T 328 1) 2%
o A S ER TS A, R R IGRR
PE (=196 C) FECAARMBEARA, WERE
Kl 225 I B IS T e i 25 A 9 ol e A K
B, RN R SRR R SURAE T
BRI LS, RE A R M R RE A RIS R,
BEAN, HOKIT ISR, SR EARAE AR
POREERZOB, 7T A RO e K BHR 2, R
i G T, 285 R BB AR BORTE T A i
BRI R A RAT B S AT M AT, BT
TR ENXS T HCE T 545 1 R AT N R i AR 75
BEREHE,

TR AR = B N
REERE i R B R R 5y 18 GRS 7775
SRR PO AR S5 RS, TR AR R 2
GE— O T ELSE, XHEZ I BUE R A R
R B REAR /N =0T 7 A
WTEEANBR, PTRUERCER 2% A R i
BRINZE . SZRIGEER AL ZNIIRER, k5 A 1
W )y RE 2 R A WAL . Ning S5PV o Hr T
0~20 KAEIARTER A MEL T A5, RIUAE
A PR R W MRS P S A B S TR K
SR, A NEMERSUNY R kAR
SURTHE AN e REAE K A B A R 9 ) R 2

JE B . Wu SO 7R IR JEIA AN
KIARAE A P ELT A MEREATRALRRAE, AR BLRLAR
/INRITE B R AR FIE A RURR, LB )
R BT 9™  Rong S5MHHTL T AL KA TEA
[FI AN R ENE IR 5 BB O RHAE , A BRI
RIE AN e 176 b 5 A R R A 07, (B A
BT JLMESA SRR BONR M, & 12 AR, % #
TR XIAE B I BT 1B 85 . PR BIREAE
7R PURTEAN G 2 W] AR R I 5 2 22 48 b,
Fefl 2 ISR BTS2 A —, SREEERAY
JEFVIMR . Vo B K IR A A S BE 24 5
L PR ol 2 S0 A AN Je Xt o A 3 B T AN AT A
13, FECE WP R AL . Cao 20 IN#A-
IRV EEIA AL BRI AE K 5 HEAT BT DI 2 22l
REUEIAINIA-7K 7 E0 3 BUE B 5 [ W7 2800 P %
BEAR, W20 5 1 55 A ' P B0 2 LS80 484 o i ik
55 Feng S0 285 WA PRI MUK A 3R A BRI AL
A AT = rU s, AT T TR R R A
PP, AL L TR TR AR &
Ui 2] EE B AU R I T I B

fER RN R G R, N T HUEE ) KIR4E T
T B0 AR 2 M AL 4% S it BE 0 AR A 8
MISRBEIR R . BEAN, HERRVEAL A A T DRS00 45
AN RH U A RPUL SR EE, DA
R, WIS, BB TR E RN =
YEERERIA LS, DT B i 2R 1A PR 7K A% 5 RE T EA
LR 5 o i 2 18] A e AU, Yin SO0
LRIV FN AL B TE 1 5 I RE Bk AT 1
AT, IR IE LR PE (et 1R RS A
T 7 42 Zhuang ST SR EIIE R K 0 8
R TLUER, IR MRS JEE 520 AT
AKIEFEIL A I RORE W, LRGN,
PRI TEEROBOR o Li S5 Hr 1A R AL BT 2240
OCHUN BB FATE 15 o W7 R T 1) 20 T 4 A AR AL Ry
fiE, KB T =S TN FA R 5] (TG I3 Ko et
IS BRI SRR, SRR
KR A TR B, thon] DLE B P 4



424 F eI

b= 2025 4

HIRLREFEREN), 8 T HRE A R AE 5 4%, BUE AL
IR 3B 75 ASRHEOR AN 7 BIEAH K (digital image
correlation, f&FK DIC) H ARG 57 37 FH T84
HIWT R 154 58 . Wang 2522 T —Fp T340
1) = AT OIS IR SRASIAD I 114 (2] 4% v 1 2R S0 i A= A
P RE. Fan SFPWRIHE RS b ABFT T A ZRE
11 B W R T AR R R A

9 T HERA VPO VB B4 e 20 T O i 2 b
IFR BRI EAAER A 2 ZEX Ry iR m AR A
AP IEME R R AE XU 1 7 22 R AN I R T T
JEit— Bt gt . W RPIEE . RS A M Wi
TEFEAL, XTI 240 v R ey Hh A B VR T
RAUFEAAREER X @ HE AR E, W]
PAARAL SR 3 N R DAL, T $2 R K
Ho HTIERGURN oA e HAT R B AR B Bh A AL,
A BT TR AN ) A BT R, kT ) e RS 4
AR EA R R TT R o ASCHAT TR R A FE )
AR ENPE IR I A E B 7T . i =
R I E T ER N A R A R A S
A IRPEI 1R, SR = 4ER0 s AR o
TV BR80T T KRR 2 3047 1 e VP .
TR EIRA I BUERR, X m iR
TR EEA AL S (A6 K 5 TR B Ak 22 7% WL
AT T b . WSS SR T R B AE I R 2,
RAETF T 2 2R 0508 H i B AR AR R S

2 R TTVE AR

2.1 REH &

AR5 BT R FH AL 5 A SRR B T 548 1R
M E AR A, FERE], RWHI
ORRAOIES BEE. FHETIRE S AT
EFIFAE . SRR N TOIEIRBATEE N 1| mm, £
&N 14 mm, ZLPRT0G DIE R BT, DUE R A] 68
Wi EHAREBR I TEAR, AT R R S AR R A T LT TR
RWIE 1R, VERRSFE 1 iR,

e b
S -
T:E? L£%

1 FERE AR B TUAT RS AR 8k 1
Fig.1 Geometry and loading conditions
of test granite specimens

R FEBENK AR ILTRT

Table 1 Geometry of semicircular disk granite specimen

2R BB REKE a PERE S
/ mm / mm / mm / mm
38 30 14 38

T BRAE X R B O e 45 SR R
M, SHARERA TR A R, SRRl P
T TR R B (AR AT AR
22 REEE

RIS R G A WA 2. K XMA-200
HLAVEIR T IRAE A, I DIER 2 000 W, %R
TR 35~300 C, WAL Co = mah
IR H CSS-44100 F7RERIEHL . i IeHL T HE (it
(1) FE STUEAE A 100 kN, HASHIE B, WIan A
TR E TN J7, AT A 3 56 A Ak 3 FAL R 147
%, M SRAFAG B ) s 3 A% il 2 s 10 R% 2 1) T LA
FEHE) 0.001 mm, Z40E0E 5 7] H 3 e R B 2
AR . WMk A VR-5000 #7471 3D 258
e ZEAW RPN 160 F5HOK, AR
N 1~4 f5, HAEymeE Xy 7REEN 184 mmx
88 mm, Z1TFEVEFA 73 mm.

PRI W R Gt

o § 4 0 o
2 \
e ol ! AL eSS t
X =
ﬂ » )
= .
%

IR

B2 REBE LR TRE

Fig.2 Experimental procedure and instruments

23 REHATR

BANRIS T R E B L NP

(1) BRI AR A G R b 3

R BT A ZIRE —MAE 150~500 C
) 240, AR AR I A B 2 B RE 1 I AL R A B
300 “C o ft X7 B RN - 204 EIE PR b HER TS



552 4 BEOESE

ARGV PP AF T i AE B T 2L SR PR 7T 425

TTEWE 3 R m AL R E AR T TN,
PL 5 ‘C/min HEZEFATIIN. hi#Z 300 Ca,
TFETE A0 P gk 2 R FFER 3 h, DB R IRRE Y 351
ORI INPGERSE, SEEE ERAE R A R
ANWBAGE (=196 C) FHATAEIAEE, A EIET(A]
N1 he BEA SR INAREA LSRN 1 IRTE
W Frfafed A A R Tl 6 4 (3 k7
R 5 WRIEA. 7 RAEFR. 9 IRTEIR. 15 IRTEIAFI
20 RTEH) .

(2) = A s

KH CSS-44100 75 Be ik AT e i in #4 -
TEIR G e b A R FE AT = s B ke . A TR
TR A T ZYERS IRy, RAM BT .
TENNERIEFE A, SIS TE AR 5 25 R (14 2 ) far 2
il 1) 57 AN 28k B 1

LI p I B e
I fREE
T I =
WA
5 °C/min B
Tag 3
\ B 1]
Tiﬁ’kt [ = p—
WA RFE
IR/CES

K3 HENA-REANEFCEREE
Fig.3 Schematic of high-temperature heating and liquid
nitrogen cooling cycle processing

3 AR

31 WiEYE

N [R] v RN - VR B A R IR OB R AR A
TR M2 & 4)FTos. BEEE IR R 3
T, TE A R AE 3R T ST PR 3. (IR
X R AE B A A T R A AT R, R A
I8 750k e A B A b s, SR v R
R BRAh, AFEFEIRURECE 0 far k-0 5 Hh 28 75 0
AT B B B B R S IR %, FE A TR
BUNMEVER RS AE . T BB RIS K, 50 50
FYIMSE, HER N

P__ma
=y (»
2RB
9.516S S \a
Y, =-1.297+ —10.47+16.457— |—+
2R )R
5 2
S \a
1.071+34.401 — | —
2R )R

L P NI 2R R I E R Y, NE
Y FE IR, FLARLE AR B R A R S e
Bl 4(b)gh T A8 B A I ) B B O 2R VL AR
thi&sh . &atk 3 GG, WFERF AW T N
1.43 MPa » m®®; 23 9 IRTEIF 5, BFE 1T 35 2
PIEER#ZE 0.89 MPa » m®®, FFARIERE N 37.8%. 41
FRRBUN 9 WIGIE] 20 Wik, W T RS
0.70 MPa - m*®, FF& T 21.3%. KA AL kBt
W7 2L BE D IR A R AL AT LA, T UK IRAE
ST LURATE 24 o W 24970 B i e, 3R B sl m #-
TR E R IE S P A IS . MRS
A A BT, RARA HIE R A A R T
BTN, TERRBIN Fo 248 7788 i 58 P A R
B, TERSRIT AR A R, S EUE AR
WA R A IIEHER, MR EEY R A
FA N DSBS R A T, WAL RN
HPE GRS K, I SR AT 5 .

[—o— 3UEH
—o— SIKYEH
4 F—b— TRTER
—v— 9UAEH
z 3 = ISRIEH
~ —t— 200RAEH R
=
27
1
0 CBiaS L 1 o ;
0.0 0.1 0.2 0.3 04
f7F%/ mm
(a) Tard— (s h2k
16 o
o o HufE
g 14} o o P
o
[} o
S 12t K,=0.03n2-0.12n+1.81
o R>=0.93
X 1.0
i
R
iR
& 0.8
= o
06 . . . |
0 5 10 15 20
TEFR KB n /IR

(b) WrERE

B4 ARIRENHR-REA HER KB T IE RS B 1 24450E
Fig.4 Mechanical properties of granite under different high-
temperature heating-liquid nitrogen cooling cycle numbers

32 WiREEEREERER

=RE MW, AR R HE
IR = 1 B RS0 5 k. AT LB
BAEH, WEEREERERECE M, RIH
BYYIARL IR G R RAE . BEE A AU N,



426 = +

b= 2025 4

TEbd 7 A ER BN FIREBE (i 5 o 2 = 25
SN BL, 75 2B Y R AT foe N RE BT B
W, ROy R R b e i S XA . ]

b, AR SGEm T R Y e, (65
Wiy R oyt =2k, RN A DB IRAER
U=

AN DI D v

(a) 3 IKTEFR (b) 5 KIEFR (c) 7 KA

(d) 9 IRAEIR (e) 15 IKTEFR (f) 20 IKIEFR

B5 ERERERHRES

Fig.5 Macrofracture patterns of granite

U7 288 T AR A1E Je B HH 25 AR T AR b AL S
. REMY BERRER. SR TR LU
Sk i R BB 11 TR 30 0 AN R DU M A AT . SR VR-
5000 WOBHREAON = 2 o 20E 1R W 2L
BAT Z4E 3 0T, IR REEY R I T HT AL
H g BT TR T R T SR I 2 TR 4E 5

EHBOTE PR A W,
FKHLK NS MIETE (BT REHHLEM, i
HHTHEATHEBNG) . A aETaks
B 2158 — R 5 N(S) » LI I 24 26 1 1) 7 T 4
/@RI B BUNE S W =

D =—lim2N©)
-0 Ind

Wi I A5, SRS AL E 1) 2 i =
YEARKRE B (x, y, 2). FWTALTETE xoy ORGP
KI5y e mxm (A%, BEAN TEJ7 TR 556 P Y RO6]
TE 2 [B) W R4 THT = (19 w5 B A AR 43 3R A Iy (6, )
hy(i, j) ~ hy(i, ) RV R, Gy j) (B, 1<i, j<m—-1).
XY A5 BT L W 2T P B N, NI 8 AL TS
RETE R, XN, BUEZHE (N 5, WERRN
N, , = INT{(1/8)[max(h, (i, j), b, (i +1, ), s (i, j +1),

h, (i +1, j+ 1)) — min(h, (i, /), 1, (i + 1, f),
hy(iy j+ 1), (i + 1, j +1)]+1}

(3

(4
ViR ML eI DR N N Y S eS|
NG)=S N, (5)

FRYE A A 7 R T 0 SRAFAH B & 7 S 3
N(S) » HLHIMRFIXSEE InS -InN(S) - Wi 5>
TE4E D (G 4E50 RN InN(S) Al In s LRHEIIA
R ASHE

AN TR IR U BT A6 B B BT 1R 350 R i
TR S S5 RN 6 oo W FURSE i
X IS BT T 1 v E A, DL S BB 1 T 0 v P
IASACRFAE . FTROREL, BT il e L& 45 2R 1
JUE B R RT 0,99, RUIIEHA phti J5 i AL
I T 0 70 TR AR R T L R A7 F) S R o 181 7
25 T AN FIER U A B A I 14 00 TR 4 R AL
AU, BEETEIA OB RGN, A€ B A AR ) 7 T4
iYL RN JE I I 3
UHEINE] 9 R, 2 TRAEEUE K AR KA 3.83%,
T PE PR CEL R 9 UG INE] 20 TR, 73 T 4R ) 1
KHEMN 1.05%.

195 BB 3 PR T 2R T T A R AL 2 HORT AT Al
ZH IR EARLRE S . I RHE S B B IR
FES . HATYEES, . ARES, LUK
SUETE S 55, RN

1
Sa =Z”A|Z(X,y)|d)€dy (6)
1
$,= LI 2 G sty 2
S,=8,+S, ()
S, =max , z(x, ) 9
S, =|max , z(x, )| (10D
N,
Spd =7P (11)

Kb S NEBRBE: S, NRKIER; xv y 72l
N X5 A I B )P TR A s 2, ) % AR AR
R s N ORI TS R AR B 2D
B A DR X T A .



2 W BE AR WA R T ERAE KA 1 B R AT 5 427
7/ mm 5/ mm 5/ mm
5.784 5.965 8 [6.017
5,000 3.600 2 115500
7% 0 4.800 5.000
e | 4 000 ' :
; | '4.000 '4‘500
% | 3.000 3900 4.000
H 3.500
4 | 2.000 @EVL T 24 02.400
1564 © “17.000 2.981
20 o 20 ro
15 F 15} 15}
S S S
Z10r Z10¢ Z 10
- InN(8)=—2.73In5+10.2 - InN(8)=—2.781n5+10.29 - InM(8)=—2.80In5+10.2
5T R=0.997 5T R=0.997 5T R=0.993
D=273 ° D=2.78 D=2.80
0 S, T Do o ,
4 3 =2 -1 0 1 2 3 4 -4 -3 =2 -1 0 1 4 -4 3 2 -1 0 1 4
Iné Iné Iné
(a) 3 IKTEFR (b) 5 KIGFR (c) 7 IKTEFN
5/ mm .
7.348 5/ mm
7000 6.933

6.000
5.000
4.000
3.000
2.000

0.966

6.000
5.000
4.000
3.000

2.000
0.641

20 o
151 151
< < <
%’ 101 %’ 10 %’ 10
- InN(6)=-2.83In6+10.33 - InN(6)=-2.85In6+10.3 - InN(6)=-2.89In6+10.28
3T R=0.997 3T R=0.995 [ R=0.996
D=2.83 D=2.85 [) D=2.89
074 -3 =2 -1 0 1 2 3 4 -4 -3 =2 -1 0 1 2 3 4 0—4 -3 2 -1 0 1 2 3 4
Ino Ino Ino
(d) 9 KAEFR (e) 15 KAGH () 20 RAEIH
6 W3 R AT E
Fig.6 Fracture surface scanning and fractal dimension fitting
ol P K, EWRAE WS R OR . TR EE ik 4 MRy
= ESHAAIRRE, o7 LU AR R RS R
o s SRR S, MU REE S, MK IRRERE A RS
< 20 | 1615 WARIRAL, SEATIIRITE S, FIGETR A 5% S,
®a2m G IR B K. — MR &, JER A N A
268 | o - e . e A b
o R, IR . SR IR HIE
260 AbER S IR AL B A IR R, A B TR R
. LR R S A ORI, BTHE R A iR
) e EAE A 2 > 75kr 861 Fh L=
B 7 TSN HWE S TR P .[H:’ 'Tf%/ﬁ%\ﬁﬁﬂif%ﬂ%ﬁ%&%bnq:mxﬁ
Fig.7 Average fractal dimension of fracture surface in it Z AR, $EE AR BUSCRE AR A&

granite

A FEAECT Wi i 2 E s an &l 8
FirRe ;v S, S, S ESHUBRBEHIA
— 2 PIREIEIA RTINS A

B9 JRIR T AR IR A A EE A K
TAERE WA AR U . BEE TRPR B 1
N, T PR 2843 158 -5 i T AEL A P2 2 LA S
WHFAE . B = TR AR AR A R ) 3
B R W 24 B IZH BEARG » T 0 TR A BOZ AT Y



428 = L % 2025 4E
SRRVRA L KBRS RO e R TRES . e B 1
FUA K IR AL FE S TR A P AR PR T T BT 1255
Arpa AR, SRR EERE N T TR B L W T A R £12f =
A5 < 2.80 X
RERIE L S o} 5
R
® 08 275
=
0.6 . L . 2.70
0 5 10 15 20
TEFRIRE IR
(a) Wi 5 7 T4k %L
18
o 3IRAEIR
> . o SUAEIF
g 15} A TURAGEH
© ORI
: L L
EHRREUK o 21 o P
(@) FAFHIHIE S, = ool
%
15000 - . - . ;
%iﬁ 087 276 280 284 283 2o
12 500 ) Pagis
- (b) WIRBIRE 5 3 T AR AH Ok
=9
S B TEHERNEIES SN
Fig.9 Fracture toughness and fractal dimension
7500 .
of granite
5000 § TR w
I 4 F TR X A AR EUE
PEFR IR E IR *%j:y\
(b) HKRHLES,
41 RN EREHGWRER
1800 . N
E]%% 4.1.1 RS
1500 F 4 . NP, , \ "
P il AR HE A B AR T, JERE
1200 N N N N o N3 I &b L STF
2 uo (G 8 Y BT AR, HEAE RE & T
o5 0 MR, ATRRA
oT .
300 c,p—=V+(k,VT)+q" =0 (12)
0 ot
7
LR 4 b TONIREE;  ATE; e, v p Mk, 2RI
© HTREELS, AT . BB R VT IR
_ . B SE7D)
L - Ry g AR ) N ‘
. 3 524l 165 A L 5 Rk TEA IS B Gt 72
v ' T2 A ¢ I, T] R IR 10l
E 30}
z by =[@(2(#)=1)+1]ky, (13)
27
s Kb o ARES BBk, ZRBGEMTE N, 2

{FEARVE (TN
(d) VETH L S,

B8 FERA KIBTR I RHE S H b i 2%
Fig.8 Evolution curves of characteristic parameters
of fracture surfaces in granites

0 =0 N FRIERAZROLM, Y o=1HE%
B HLUTRA IEALE; &, AR R X
G R2K g(p) NRIERALI L, T LLRR A
2(#)=(1-n)(1-¢) +n, HFo<p<1 ALY IE
B B2 51



52 W

BEORRAE: ORISR PR IR R AR R T BT R T 429

TE B 5 5 41 T 1K AR A e i PR A [R] S8 7 11
#if1 5t (Dirichlet i1 5% 002, 1 Neumann 1 5% 042, )
P

T=T— 00,

n' - (=k VT)+h(T-T)=q" — 00,
A T AGELIREE: n" AHINER R bl
P FRH

(14

4.12 B EIRE MR
BEMER R R Qc R, RPARE
TSRO, QR T YESEOR B AN X, o
£ % Dirichlet 5t 602, « Neumann i1 5 6.2, F14&S
TSEAFAE AL RS I, X BIRGRL T W] LA
AL & ¢ IR IR N IRHR ST B I 11
SO, RASRYEAR Q SRR EZ R L B B
PEREE, . WiddRe EcAAN D) E, FEFIRIR.

L(u,T.8)=],pc,[TIn(T/T,)+(T,-T)]|d2~ [ . (&, )42~ [,G.y (V) dQ+[ b -udQ+][ " -udS (15

Er

X w. 0" £ RARERINERE. K],
T ARUERRE: T, MR s v, (e.) MR A
W e, ATRMENALIK S G, NG REEREICE,
AR MR I K\ RN G, =(1-V )KL JE . E
HBYERLR, v AL 7 (4 V) HELIARI
RYUKRMETE

2 J8 AR R AE W 2R o R S N AR R
RIS,y (c,) TR

v.(e)=g()y. () +v. (&) (16)

iy My, RO BA AR AE s P RER L, Al
RoRN

vi(e)=Slu(e)) (e am

A A AP E G o s, RorBUR
B XS TR A er Nk NS SRR 2
i, b EARHA- 2 AR R R 4 ) o

B RS LR FAPER SR FE IR i 7 AR AR, RIS
FRIENAL K B 8, AIRIR N

£ =E—-¢& (18

Kbt o HENATHE, 2=[(Vu) +Va)/2: &
WRAEHR, £ =ay(T-T)) a JHBIKRMH

=

o
N T B OR ST W AR AN AN H A N AR e
IR B 5 SR 5l, SR 32 SR 1 3 v ox e AR

KBTI AR
&=y <5e,b >ina ®n, (19

Ko g, AR () AEBFIHS,
(en), = (e lees]) 25 m, WERERTTE): o B
12, X4 A e AN S A T

WiZlAE E, BT e B R G, ML 3 %
1 7 (4. 9) [TRRACS,

Eg Eext

E. =[,Gy($V9)d2 =
J0G(# /20, + 1,V /2)(19

X 1 ONKERS S5
Kl (7). (200 FRAR (15, HHEIE)E

20

L(w.T.9)= [, e, [TIn(7/1,) (7, ~T)]42~

Jol (@) (&) v (&) Jd2 -
TG (¢ /20, + 1,V 4] 2)d2+
Ep
[,b"-ud2+/,,¢ -udS
ECX!
H1 T AH 3925 Hh R ST A2 DA S TR AL o —
ARk B H RE Rz B B s MU R, B, 432D
H—FrAe 7> 0, AT LAFSH

SL(uT.¢)=—],(Vo+b")oud2-

2D

¥
[o{pe, In(T/T,)+g(4) o : @, }6TdR2 -

[o{=2(0-n)(1-9)v (8.)+ G.8/1, - G1,V’$|54d2
ik

(22)
Kb o ARLI5KE, WERRAN
2 oy, oy,
o=|(1-n)(1-9)" +7] '/:;g(ge)+ '/’58(86)=
[(1 —n)(1-¢)’ +n}[ﬂ,<tr(£e)>+ I+2,u£§}+
Atr(e,)) I+2ue; (23)

EAVL L IS L XA S 8
M (22) FIERAGIA- IR E ARSI R T 2



430 = L o % 2025 4E
T Fag kA
(Vu) +Vu : T HE
VI D S (T, -T) | [+67 =0 T
(i-n) (24) SR
2l (1-n)y; , v ViE S !
—= " 41 |p-LAp=2] (1— £
{ G, }¢ ni? m(lﬁq
T HL s | =+
X D RNNUFrtEkE. X ERHRA SRR ﬁiﬂ

AE AR 5 100728 1 2 3 AR DU RS (B B D =
(), Fob Dy ARSI A B,

T S W A LR R A, AR
BB, D, T SR R Sk A R A
MRk

H, (x,1)=max v (x. )

b H P SRR N AR e o R A x
YEFPEIE R — RN RS R B p O R AR,
UE TS N[0, 4

Kl (25 AR 24, AT &M
TIREEHSE N

V{D:(W%+%(TO—T)J]+F:O

{M +1}¢_I;A¢=zzm<l—n>g’s

C

(25

(26)

C

%:T COMSOL Multiphsics A R 763 {1 5230 #1—
JIFEE MR R A B o AR PR, [ /g2
BEHL SR 7 S N AR REHURI A S R AL R, T A6
PRI S AR [ 10 VEHHIR T4
5 2 T IR A AR AR U TE 3 B8 SR e b 2 1 L ks
TS o
42 F-NBEEATHERSE [ BMREAE

KB I 1R B TR A AR [ R I #4 -
TR IR UG 16 B 2 A AT O B 3Ln) T
MW REAEW. 2 23 TRETER, ¥
FE AL TR WA S R T IR . Bk, e
B I B FE 5 PTG IR B 300 C, HEAT A
(=196 C) AP, FAFHXE 3. 5. 7. 9.
15, 20 IRERFILREFE . Lk, BN FRIIEHR R EUAL
HUS 78 B B = A i 2R i 1 By
iR,

4.2.1 FRAYRL G

MRAE 2.1 RGBT R F A8 B 5 LA RS @ vr
WA 1) i LR, SRy 1 5 RE A AR fR UL Sl
PASTE A, JE 1 1 B AR B 2 A v — N
YRR, FH SRS 5 il in #- VR 0A EIE 3R Ak

L H G a

LLIE RTMR AN
5

T W T

A 4L

(T u H,, )],
5 (T,u,H,9))) FADRRE,
WHTRERT <6 =1x102

AR, SR

10 TEREE RIS AT WK 73 B RERE R
Fig.10 Isolated solution process for coupled thermo-
mechanical phase-field fracture in granites

., = ARG R e N T RN
BRI BRI, SR BEHL DY S804 s B
FRFERIAE R A IR . BB E 1),
5, R A HERAE M 4% R G5 rh BENLE A7/ B4
ARG IR, R4 AT A K2 1) 1
BT, RAWAEKZOEHEN ALK, BREKH
B LI o ik B 0 4a e . N T A0 A 2
R AR L], R XS 2 AT 5O iR B8 iR
FHIAE B A R AT YRR A 0T, e A T 2
WIS EE AT (37.5%). Bt (36.5%). K
H(24%) VLKA (2%). Fk, EHX
RS IIET 3 PN A A o A A
B ST E B  BE KA B BB 23 ) B 5 D 35%
35%- 30%. 3% 2 gt T AR PR BRI 24,
X SHOE R O TRk .
422 IR EER TE R A Ay R
Wi A0 P8 BN B S, B RS
E AR EA IR B R, Wi 12 Fios.
S0 R8RS C/min I3 RE B &0
R ST 2 F8 e YIIRIRE (300 C), MF&E
AN E—196 C N T RLB ) A AR T, F R



552 3 BEORRAE: ORISR PR IR R AR R T BT R T 431

BRI b SO BR A B A . e ERSE hy, =1 /2 o IHEZBRIE R E Y 0.05 s.
KERNZ%01,=0.005 mm, RHHH=MEHET e i e A R vt N AR AN A UL
XL A AT B AR B, FoRochy  JRMBERGA I 13 o, O RonmR

®2 ANEATMHHEELSE
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Fig.12 Boundary conditions for granite under high-temperature heating-liquid nitrogen cooling cycle
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Fig.16 Numerical simulation results of mechanical properties of granite
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